ity associated with 0 mM Mg 2ϩ in older tissue. For each
P12 synaptoneurosomes revealed only a gradual inDuring maturation, intrinsic changes in the response of crease in NR2A levels ( Figures 1A and 1B) . Between P10 the NMDAR channel complex to glutamate are reflected and P11, this upregulation was not significant (Tukey in a reduced NMDAR synaptic current decay time (Carpost hoc test, p ϭ 0.4) and seemed unlikely to account mingnoto and Vicini, 1992; Hestrin, 1992). As a result, for the sudden decrease in synaptic current decay at the receptor's ability to perform synaptic temporal intethat time. gration and mediate Ca 2ϩ influx decreases, with associTo examine more closely the subunit composition of ated decreases in synaptic plasticity (Scheetz and ConNMDARs at functional synapses, sSC neurons were also stantine-Paton, 1994). Thus, downregulation of NMDAR studied using whole-cell patch clamping and the atypicurrents (NMDARCs) has been associated with the loss cal NMDAR antagonist ifenprodil. At low concentrations, of ocular dominance plasticity in the visual cortex ( Figure 1D , P11-P21) and and again after the addition of 5 M ifenprodil. A third mEPSC average, taken in the presence of ifenprodil and was also associated with a decrease in ifenprodil sensitivity. However, total decay times were much shorter during 50 M general NMDAR antagonist 2-amino-5-phosphonovalerate (AP5), represented the current carried by this later phase of current change ( Figure 1C, P13) , resulting in differences caused by ifenprodil application non-NMDA ionotropic glutamate receptors, the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic receptors, and that were small as well. To effectively display the effect induced by 5 M ifenprodil across the entire P6-P22 kainate receptors (AMPA/KARs, Figure 1C ). The mEPSC averages revealed a progressive age-related decrease interval, the reduction in average mEPSC decay caused by the drug for each neuron (D m Ϫ D mw/Ifen ) was exin current decay time. This decrease had two components. An early rapid decrease was clearly associated pressed as a proportion of total average mEPSC decay (D m ) for that neuron. This value represents the percent The dose-response curves in Figure 2 establish the effective doses of GYKI 52466 for work with spontaneous contribution of NR1NR2B-containing receptors to the and evoked excitatory amino acid currents recorded at synaptic current decay for each neuron ( Figure 1E ). The Ϫ60 mV in young (P11 and P12) sSC slices. For these discontinuity in the rate of current change is coincident dose-response determinations, in addition to 2 M BMI, with the P10-P11 decrease in synaptic current decay 50 M AP5, and 3 mMg 2ϩ were added to the bath to reported previously for spontaneous NMDAR currents block NMDAR-mediated currents. As can be seen in (Shi et al., 1997). As can be seen in the mEPSC data of Figures 2A and 2B , 10 M GYKI 52466 reduces the Figure 1D , the P10-P11 change is large as well as abrupt.
spontaneous AMPA/KAR currents (sAMPA/KARCs) to a It constitutes a drop of 8 msec in decay time within 24 barely detectable level just above baseline noise. 20 M hr. The drop is a substantial proportion of the total, ‫81ف‬ GYKI 52466 does not significantly improve this blockmsec, shortening of current decay time detected across ade. The stippled area in Figure 2B represents the typical the entire P6-P21 interval.
peak-to-peak range of baseline noise in our recordings. Changes in synaptic current amplitude from P6
The dotted line indicates the minimum amplitude that through P21 were also examined. Two neurons recorded spontaneous events typically had to achieve to fulfill our before P8 showed NMDAR-mediated synaptic current size criterion for inclusion in analyses: specifically, a in the absence of current mediated by non-NMDA ionopeak amplitude larger than two times one-half the value tropic glutamate receptors, as has been noted before of the peak-to-peak baseline noise level (see Experimenin young neuropil (Issac et al., 1995; Durand et al., 1996;  tal Procedures). These data indicate that the addition Wu et al., 1996) . Nevertheless, for the majority of neuof 10 M GYKI 52466 to ACSF containing 0 mMg 2ϩ and rons, during the same P6-P21 period, the gradual 2 M BMI should be adequate to reduce any AMPA/KAR change in the contribution of NR1NR2B receptors to component of the excitatory spontaneous responses NMDAR current decay in the sSC neuropil ( Figure 1E) to negligible levels and effectively isolate the NMDAR occurred in the absence of a consistent change in excitcomponent of spontaneous events (sNMDARCs) for our atory current amplitude. Average peak mEPSC amplianalyses. Indeed, in experiments where AP5 was aptudes varied between Ϫ13 and Ϫ4 pA but showed no plied after studying spontaneous sNMDARCs, no events age-related shift in their magnitudes (n ϭ 24 neurons).
fulfilling this criterion were present in the recordings. Peak amplitudes of the isolated miniature AMPA/KA reWe also examined the effect of GYKI 52466 on the receptor currents were subjected to ANOVA. Figures 3A, 3C , ity, we studied spontaneous excitatory synaptic curand 3D). However, a pronounced increase in sNMDARC rents because our earlier work had indicated that faster decay time was observed in the presence of FK506 on currents and finer distinctions in the kinetics of current P11 and P12 ( Figures 3A, 3C , and 3D) after the downregdecay could be obtained when spontaneous rather than ulation in sNMDARC decay time ( Figures 3C and 3D , evoked events were examined in young tissue. This is bottom). This effect of FK506 was reversible ( Figure 3A , probably due to the immaturity of myelination, which averaged responses), indicating that the downregularesults in the staggered arrival of simultaneously initition was maintained by a tonically active phosphatase ated action potentials at young axon terminals (Shi et that could recover from blockade in vitro without any al., 1997). We pharmacologically isolated the NMDAR additional manipulation. Furthermore, application of contribution to the excitatory spontaneous events using AP5 to slices in the presense of FK506 after P10 had the benzodiazepine GYKI 52466, which has been shown the same effect as application of AP5 in the absense to be a selective noncompetitive blocker of AMPA/KARs of FK506 at all ages. Namely, all events fulfilling our amplitude criterion disappeared from the recording (Fig-(Donevan time were maintained. The four neurons studied 2-4 hr after the inducing stimulation was terminated still showed the fast sNMDARC kinetics seen at shorter inthroughout a 1 hr stimulation period. NMDAR antagonism during stimulation blocked the ability to induce the tervals after stimulation.
To determine whether activation of sSC neuron shortened sNMDAR current ( Figure 8B, top) . However, blockade of NMDARs also reduces the amount of activNMDARs was necessary for the premature induction of CaN activity, whole-cell recordings were maintained ity in the neuropil. Therefore, in four neurons, whole-cell NMDARC kinetics reported here, the voltage-dependent These observations suggest that NMDAR current itself kinetics reported by Hestrin (1992) do not change with triggers the change in CaN activity that brings about the the age of the neurons. decrease in current decay time.
Focusing predominantly on these spontaneous NMDARCs, we have described a rapid-onset CaN activity that is responsible for a nearly 50% decrease in decay Discussion time of NMDAR synaptic current. This effect of CaN is seen in evoked as well as spontaneous events, and it We have developed a technique for pharmacologically occurs at all synapses of all recorded sSC neurons isolating spontaneous NMDAR currents in neurons of the sSC by applying low levels of GYKI 52466 and BMI within a 24 hr period between P10 and P11. The decay time drop precedes eye opening (P13-P14) and is coinci-NR2A. Nevertheless, the current data do indicate that the parameter responsible for the pronounced P10-P11 dent with the completion of retinal map refinement. Inclusion of the CaN inhibitory peptide in the patch pipette increase in the kinetics of NMDARCs within sSC neurons is a change in CaN activity and not the availability of indicates that the site of the CaN effect on synaptic current is postsynaptic. Moreover, the effect is main-NR2A subunits. tained during long periods of relatively low activity. Spontaneous NMDARCs with short decay times are stable throughout the period of slice incubation and wholeChanges In Vivo that Could Initiate NMDAR Current Downregulation cell recording. These fast kinetics can be abolished by application of FK506, but can be reinstated after FK506
The rapid and synchronous onset of CaN effects on sNMDARCs in all sSC neurons on P11 and our ability washout. The mechanism of CaN function is unclear at present. The amplitudes of NMDAR currents do not to induce this activity a day earlier by stimulating in vitro suggest that a global change in collicular activity change in the P10-P11 interval, and ifenprodil application subsequent to FK506 incubation does not reinstate beginning between P10 and P11 normally initiates NMDAR current downregulation. An increase in the efthe rapid current decay times seen before CaN inactivation. Such observations suggest that the phosphatase fectiveness of sSC neuron activation by their predominant inputs from the retina is a prime candidate as the does not operate by eliminating slow decay currents contributed by receptors containing only NR1NR2B substimulus for this change. However, the locus of the relevant afferent activity change has yet to be determined. units.
We have also shown that 1 hr of electrical stimulation Large increases in NMDAR activation at sSC synapses could result from the nearly simultaneous refinement of the stratum opticum in P10 collicular slices can induce the stable CaN-mediated downregulation in sSC neuof the retinocollicular map (Simon and O'Leary, 1992). Alternatively, the changes in retinal input effectiveness rons prematurely. In addition, NMDAR activation during stimulation is necessary for the induction of the CaNcould reflect increased retinal ganglion cell activity as a result of developmental changes in retinal circuitry. mediated downregulation of NMDARCs, and the induced CaN activity has the same stable characteristic An increase in bipolar cell contributions to inner nuclear layer activity has been reported to occur in ferret retina of the activity that appears normally on P11. We cannot eliminate the possibility that CaN exerts its effect on at roughly equivalent developmental stages (Wong et  al., 2000) , and light has been reported to drive rat sSC NMDARC decay by driving a rapidly reversible exchange of receptors containing NR2B for receptors containing neurons beginning about this time (Fortin et al., 1999) . 
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